An analytical technique for determining boron, zirconium, niobium, hafnium and tantalum contents in rock samples by inductively coupled plasma mass spectrometry (ICP-MS) is described. The rock samples (<30 mg) were decomposed with mannitol-added HF, and dissolved in a 0.015 M HF/0.12 M HNO 3 acid mixture for ICP-MS analysis. Boron, zirconium, niobium, hafnium and tantalum concentrations were measured by the internal calibration curve method using three internal standard elements, beryllium for boron, indium for zirconium and niobium, and rhenium for hafnium and tantalum. Seventeen rock reference samples from the Geological Survey of Japan and the U.S. Geological Survey were analyzed, and the determined concentrations showed good agreement with the reported values obtained by isotope dilution method, as well as with the recommended values. This technique is a simple method for the precise determination of boron, zirconium, niobium, hafnium and tantalum concentrations, and it has wide potential for geochemical application, particularly for the determination of boron.
1990; Ishikawa and Nakamura, 1994; Ishikawa and Tera, 1997; Tonarini et al., 2001) . Although the isovalent element pairs zirconium-hafnium and niobium-tantalum have very similar ionic radii and generally behave coherently during magmatic processes, the Zr/Hf and Nb/Ta ratios of some mantle-derived igneous rocks deviate substantially from the chondritic values (Xie and Kerrich, 1995; Stolz et al., 1996; Eggins et al., 1997; Niu and Batiza, 1997; Münker, 1998) , leading to an increased interest in using these element ratios as tools for studying geochemical processes in the mantle.
Despite the geochemical importance of boron, it is uncommon for boron concentrations of rock samples to be routinely determined along with other trace elements, including HFSEs, because boron is easily volatilized from acid solution, causing loss of boron during sample digestion with HF and subsequent chemical treatments. This problem is avoidable when boron is determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES) after sample digestion using the alkali fusion technique (Ryan and Langmuir, 1993) or by prompt γ-ray neutron activation analysis (PGNAA) without sample digestion (Gladney et al., 1976) . However, these methods are of limited utility for the analysis of low levels of boron as well as for the determination of HFSEs. In con-
INTRODUCTION
Boron, zirconium, niobium, hafnium and tantalum all behave as incompatible elements during magmatic processes (Sun and McDonough, 1989; Ryan and Langmuir, 1993) . In aqueous fluid-related processes, however, the behavior of boron is in striking contrast to that of zirconium, niobium, hafnium and tantalum. Boron is one of the most fluid-mobile elements during high-temperature fluid-rock interactions (Seyfried et al., 1984; Morris et al., 1990; Brenan et al., 1998) . In contrast, zirconium, niobium, hafnium and tantalum, which are known as typical high field strength elements (HFSEs), are essentially fluid-immobile (Keppler, 1996; Kogiso et al., 1997) . These distinctive chemical characteristics of boron and HFSEs make it possible to utilize B/HFSE ratios, such as B/Nb and B/Zr, as powerful geochemical tracers for elucidating fluid-induced processes in the crust and mantle, especially dehydration of subducting oceanic slab and the genesis of arc magma in mantle wedge (Leeman et al., trast, Makishima et al. (1997 ) developed a technique for analyzing boron and HFSEs by inductively coupled plasma mass spectrometry (ICP-MS) with a flow injection system. In their method, rock samples were decomposed by mannitol-added HF to avoid boron loss (Ishikawa and Nakamura, 1990; Nakamura et al., 1992) and the concentrations of boron and HFSEs dissolved in a 0.5 M HF solution were determined either by the isotope dilution method (boron, zirconium and hafnium) or by the external calibration curve method (niobium and tantalum). Boron and HFSEs are soluble in the HFmannitol solution as a stable boron-mannitol complex ion and as fluoro-HFSE complex ions such as NbF 6  -and  ZrF 6 2-, respectively, making it possible to analyze these elements precisely and simultaneously. However, the method of Makishima et al. (1997 Makishima et al. ( , 1999 requires some special apparatuses, including a HF-resistant spray chamber, a nebulizer and a torch, and a flow injection system, and also necessitates careful control of the spike/sample weight ratio to avoid uncertainty propagation in isotope dilution, both of which tend to prevent this method from being used along with other analytical laboratory routines. Thus the development of a method that is capable of analyzing boron (and HFSEs) easily and precisely still has great significance.
In this paper, we present a simple method for the precise determination of boron, zirconium, niobium, hafnium and tantalum concentrations in rock samples, in which the samples decomposed with HF-mannitol are dissolved in a 0.015 M HF/0.12 M HNO 3 acid mixture, and analyzed by an internal calibration curve method with the standard ICP-MS instrumental setting. This technique makes it possible to determine boron, zirconium, niobium, hafnium and tantalum easily and precisely without using the isotope dilution method. We also present new analytical results for boron, zirconium, niobium, hafnium and tantalum in 17 rock reference samples of the Geological Survey of Japan (GSJ) and the U.S. Geological Survey (USGS), including the recently issued samples JB-1b, JB2a, JB-3a and JA-1a.
EXPERIMENTAL

Instrumentation
The instrument used in this study was the quadrupole ICP-MS, ELAN DRC II (Parkin Elmer, USA) at the Kochi Core Center in Japan. Operating conditions are shown in Table 1 . To decrease susceptibility to matrix effects, the ICP was operated at a higher power (1600 W) than usual (1100 W), in accordance with the technique reported by Makishima et al. (1999) . The nebulizer gas flow and auxiliary gas flow were adjusted so as to obtain CeO/Ce < 0.03.
Typical sensitivities for 9 Be, 115 In and 185 Re in this study were 1200, 33000 and 39000 cps ng -1 mL, respectively. The ELAN DRC II does not equip high-voltage ion-extraction lenses, which results in lower sensitivities for low-mass elements (e.g., beryllium and boron) but on the other hand effectively reduces background levels and background equivalent concentrations of elements, producing high signal-to-background ratios in ICP-MS analysis.
Reagents and standard solutions
All solutions used in this study were prepared with 18 MΩ H 2 O produced by a Milli-Q Element system (Millipore, USA). To reduce boron blank, analytical grade HF and HCl were purified by subboiling in a two-bottle Table 1 .
ICP-MS operating conditions
Teflon still in the presence of mannitol (Nakamura et al., 1992) . For HNO 3 , either an analytical grade reagent subboiled in a two-bottle Teflon still or a commercially supplied high-purity reagent (TAMAPURE AA-100, Tama Chemical, Japan) was used. A 1% mannitol solution was prepared by dissolving mannitol powder (MERCK, Germany) in 0.015 M HF. Internal standard solutions (400 ng/mL Be and 10 ng/ mL In and Re) were made by diluting a 1000 µg/mL Be atomic absorption standard solution (Kanto Kagaku, Japan), a 1000 µg/mL In plasma standard solution (CertiPUR, Merck) and a 100 µg/mL plasma standard solution of precious metals (Ir, Os, Pd, Pt, Re, Rh and Ru) (Specpure, Alfa Aeser, USA), in either a 0.015 M HF solution (internal standard solution-I) or a 0.015 M HF/ 0.15 M HNO 3 acid mixture (internal standard solution-II).
A multi-element standard solution for ICP-MS analysis (50 ng/mL B, 110 ng/mL Zr and 10 ng/mL Nb, Hf and Ta in 0.015 M HF/0.12 M HNO 3 and 0.004% mannitol) was prepared by dilution of a 100 µg/mL plasma standard solution of refractory metals (B, Al, Si, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta and W) (Specpure, Alfa Aeser), a 1000 µg/mL B atomic absorption standard solution (Kanto Kagaku), a 1000 µg/mL Zr plasma standard solution (Specpure, Alfa Aeser) and the 1% mannitol solution, in a mixed internal standard solution (I:II = 1:4).
Rock reference samples
Fourteen GSJ "Igneous rock series" rock reference samples and three USGS rock reference samples were analyzed in this study. They comprised basalt (JB-1, JB1a, JB-1b, JB-2, JB-2a, JB-3, JB-3a, BIR-1, BCR-2 and BHVO-2), andesite (JA-1, JA-1a, JA-2 and JA-3) and rhyolite (JR-1, JR-2 and JR-3) samples.
Sample preparation
Typically, 15 mg of rock powder (from 8 to 33 mg in this study) was weighed in a 7-mL PFA Teflon vial. The sample was soaked in 0.1 mL H 2 O, and then 0.1 mL 1% mannitol solution, 0.1 mL 6 M HCl and 0.5 mL 30 M HF were added. The vial was tightly capped, and the sample was decomposed at 70°C on a hot plate. After it cooled to room temperature, the sample was evaporated to dryness at 60°C overnight. During this stage, it is essential to keep the evaporation temperature well below 100°C. Volatilization of boron during evaporation of the HF and HCl solutions are completely suppressed when the mannitol/boron mole ratio in the solution is more than unity because BF 4 -or B(OH) 3 in these solutions reacts with mannitol to form [BL] -complex, where L is mannitol, and the resultant complex is not volatilized during evaporation of the solution (Ishikawa and Nakamura, 1990) . However, the long extra heating after complete evaporation of the solution at >70°C tends to destabilize the boron-mannitol complex and cause loss of boron (Ishikawa and Nakamura, 1990) . In addition, hafnium is not recovered perfectly from the fluoride residues when the evaporation temperature is >100°C (Salters and Hart, 1991) .
Subsequently, 5 mL of internal solution-I was added to the dried sample, and the vial was again tightly capped. The vial was heated at 70°C for an hour to dissolve boron and HFSEs into the solution. After it cooled to room temperature, the vial was centrifuged at 3000 rpm for 5 minutes, and then a 1 mL aliquot of the supernatant was transferred into another 7-mL PFA Teflon vial. Then 4 mL of internal solution-II was added to the supernatant aliquot. The resultant 5 mL of sample solution with 0.015 M HF/ 0.12 M HNO 3 and 0.004% mannitol was used for the ICP-MS analysis.
To minimize the contamination of boron from experimental environment, all chemical operations were carried out in a clean room, and an evaporation apparatus equipped with ULPA filter was used for evaporation of the sample solutions.
ICP-MS measurement
The samples were introduced into the ICP-MS instrument at a solution uptake rate of 0.25 mL/min. Re were used for determination of the boron, zirconium, niobium, hafnium and tantalum concentrations, respectively. An analytical sequence consisted of seven measurements, in which measurements of three unknown samples were bracketed by those of standard and blank solutions. Each sample measurement took about 2 minutes, which was followed by 5 minutes of sample-washout with 0.015 M HF/0.15 M HNO 3 .
The 3σ detection limits determined by replicate measurements of blank solutions were 22 pg/mL for boron, 8 pg/mL for zirconium, 0.5 pg/mL for niobium and hafnium and 0.3 pg/mL for tantalum.
The use of HF/HNO 3 acid mixture not only stabilize the signals of boron and HFSEs but also enables effective washout of boron, HFSEs, beryllium, indium and rhenium. A five-minute sample-washout after the measurement of standard solution reduces back ground levels typically to 20 cps for 9 185 Re, which are low enough compared with signals of >5000 cps for most of rock samples. The damage of glass-made apparatus (e.g., nebulizer) by HF is regarded as negligible in our analytical condition, and we did not observe any Refs:
(1) Weyer et al. (2002) , (2) Eggins et al. (1997) , (3) Ishikawa and Nakamura (1994) , (4) Lu et al. (2007) , (5) Kelley et al. (2003) , (6) Imai et al. (1995) . 
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(1) Weyer et al. (2002, ID-MC-ICP-MS) , Plumlee (1998a, b, recommended value) , Makishima et al. (1997, ID-TIMS) , Lu et al. (2007, ID-ICP-MS/ICP-MS) , Imai et al. (1995, recommended value), Ingle et al. (2007, ICP-MS) , Ishikawa and Nakamura (1994, ID-TIMS) , Ishikawa (unpublished data, ID-TIMS) , Imai et al. (1999, recommended value) , Terashima et al. (1998a, ICP-AES) .
change in analytical sensitivity and signal stability of ICP-MS throughout our analyses for two years.
Boron determination by ICP-AES
Boron concentrations of four rock reference samples, JB-2, JB-3, BCR-2 and BHVO-2, were determined by ICP-AES in addition to ICP-MS. The ICP-AES analysis was carried out at Shizuoka University after sample preparation consisting of HF-mannitol digestion of 400 mg of rock powder and subsequent removal of major cations with an ion-exchange column (Ishikawa and Tera, 1997 ). The removal of major cations reduces spectral interferences effectively and enables precise determination of boron using ICP-AES, although the whole chemical procedure takes about three days.
RESULTS AND DISCUSSION
Interferences and blanks
When beryllium is used as an internal standard element, the natural abundance of beryllium in the rock samples must be low enough not to affect the accuracy of boron determination using the 11 B/ 9 Be ratio. Most natural rock samples have a beryllium content lower than 4 µg/g, which influences the determined boron concentration by <0.6% when the standard procedure with a dilution factor of 1700 and an internal standard solution with 400 ng/mL beryllium are used. Although some alkali rocks such as alkali syenites contain >4 µg/g beryllium, such rocks are usually enriched in boron (and in zirconium, niobium, hafnium and tantalum) as well as in beryllium because of the incompatible characteristics of these elements. In such samples, interference from natural beryllium is avoidable by analyzing the samples with larger dilution factors.
In the HFSE analysis, interference from the oxide ions 75 Zr < 0.005 assuming oxide forming rate of 3 %. Therefore interference from the arsenic and selenium oxides is considered negligible. In this study, the samples were dissolved in 0.015 M HF after decomposition with HF-HCl-mannitol. The use of HF as a solvent effectively removes insoluble rare earth element fluoride compounds from the sample solution, thus reducing interferences from oxide ions of dysprosium and holmium to negligible levels (Makishima et al., 1999) .
The total procedural blanks observed during this study were 55-100 pg for boron, and <8 pg for zirconium, <0.5 pg for niobium and hafnium and <0.3 pg for tantalum, and negligible in our analysis.
Analysis of rock reference samples
Analytical results obtained for the 17 rock reference samples are listed in Tables 2 and 3 . To evaluate the reproducibility of the analyses in this study, five and seven separate analyses were carried out for BIR-1 and JB-3, respectively (Table 2) . BIR-1 was chosen for evaluating the analyses of low levels of boron, zirconium, niobium, hafnium and tantalum. JB-3 was used as a standard material for daily checking of the sample preparation and the ICP-MS analysis, and concentrations of boron, zirconium, Ishikawa and Nakamura (1994) , Makishima et al. (1997) and Ishikawa (unpublished data) , and the ICP-AES data are from this study Sun and McDonough (1989) and Ryan and Langmuir (1993) . 
Fig. 1. B concentrations of GSJ rock reference samples measured by ICP-MS plotted against those obtained by ID-TIMS (a) and ICP-AES (b). The ID-TIMS data are from
